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1  Abstract 

Heat  transfer  between  the  working  fluid  and  the  combustion  chamber  in  an  internal  combustion  engine  is  one 
of  the  most  important  parameters  for  cycle  simulation  and  analysis.  The  heat  transfer  influences  the  in¬ 
cylinder  pressure  and  temperature  levels,  engine  efficiency  and  exhaust  emissions. 

Most  of  the  current  research  carried  out  on  combustion  chambers  focuses  on  gas  temperature  measurement 
by  Coherent  Anti-Stokes  Raman  Scattering  (CARS)  and  heat  transfer  measurements  by  thermocouples.  Heat 
transfer  measurement  by  thermocouples  leads  to  poor  bandwidths  and  large  uncertainties.  A  more  advanced 
experimental  technique  for  heat  transfer  measurement  used  in  gas-turbine  engine  research,  platinum  thin  film 
resistance  thermometers,  has  been  recently  employed  in  a  single  cylinder  engine.  Heat  transfer  rate 
measurements  have  been  successfully  obtained  on  the  piston  surface  and  cylinder  head  exposed  to  the 
combustion  gases.  The  thin  film  gauge  system  has  a  frequency  response  of  around  100kHz  and  hence  can 
track  the  heat  transfer  rate  changes  on  the  piston  surface  and  cylinder  head  adequately.  Measurements  taken 
with  the  engine  motored  and  at  low  load  are  presented  and  discussed. 

2  Introduction 

Heat  transfer  measurements  within  internal  combustion  engines  has  become  increasingly  important  with  the 
drive  towards  higher  efficiencies  and  cleaner  exhaust  emissions  as  well  as  increased  energy  levels  at  the 
exhaust  for  turbo-charging.  Although  internal  combustion  engines  have  been  studied  for  many  years  the 
combustion  chamber  temperature  and  heat  transfer  rates  have  been  investigated  to  a  lesser  extent. 

During  a  combustion  cycle  the  peak  gas  temperature  can  reach  levels  around  2500  K.  The  metal  components 
of  the  combustion  chamber  can  withstand  approximately  600  K  for  cast  iron  and  500  K  for  aluminium  alloys 
(Lim,  1998).  Hence,  cooling  of  the  cylinder  head,  block  and  piston  is  required.  The  heat  flux  levels 
experienced  in  a  combustion  chamber  varies  both  spatially  and  periodically  and  reaches  levels  as  high  as 
several  MW/m2.  Indeed  this  can  lead  to  local  regions  with  high  thermal  stresses  resulting  in  cracking  of  the 
components.  Furthermore,  lubrication  of  the  cylinder  walls  is  achieved  with  a  film  of  oil  which  will 
deteriorate  above  approximately  450  K. 

Nearly  all  the  reported  experimental  studies  of  in-cylinder  heat  transfer  have  been  carried  out  with  sparsely 
fitted  fast  response  thermocouples.  These  record  the  surface  temperature  during  an  engine  cycle.  The  surface 
temperature  is  then  used  to  evaluate  the  surface  heat  flux. 

Alkidas,  Puzinauskas  and  Peterson  (1990)  took  heat  flux  measurements  in  the  combustion  chamber  and 
showed  that  a  significant  spatial  variation  existed  in  the  combustion  chamber  due  to  combustion  non¬ 
uniformities.  Myers  and  Alkidas  (1982)  showed  with  their  measurements  that  the  magnitude  of  the  initial 
high  heat  flux  was  dependant  on  the  gas  pressure  and  the  local  burned  gas.  The  spark  timing  strongly 
influenced  the  rise  of  heat  flux  and  the  magnitude  of  the  peak  heat  flux  level.  Other  studies  showed  similar 
results  (Hoag  (1986),  Harigaya,  et  al.  (1990)  and  Enomoto,  et  al.  (1985)). 
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This  paper  describes  the  use  of  a  new  type  of  heat  transfer  gauge,  which  was  developed  at  the  Osney 
Laboratory  at  Oxford  University  (Jones,  et  al.  (1988)),  to  measure  heat  flux  on  gas-turbine  blades  operated  at 
simulated  conditions.  These  have  been  applied  to  a  spark  ignition  engine  on  the  piston  surface  and  the 
cylinder  head.  The  application  of  these  gauges  is  demonstrated  and  the  measurements  are  presented  and 
discussed. 

3  Experimental  Facility  and  Instrumentation 
3.1  Engine  configuration 

The  engine  used  for  this  investigation  is  a  single  cylinder  four  stoke  Briggs  and  Stratton,  model  92232,  type 
1245E1.  For  research  purposes  a  single  cylinder  engine  has  certain  advantages  over  multi-cylinder  engines 
such  as  the  inter-cylinder  variation  can  be  avoided,  fitting  instrumentation  is  easier  and  the  fuel  has  to  be 
controlled  for  only  one  cylinder.  The  work  also  forms  part  of  a  data  fusion  study  (Bryanston-Cross  1999) 
which  is  researching  into  the  application  of  data  processing  techniques  in  complex  multidimensional  areas 
such  as  combustion.  The  cylinder  bore  of  the  test  engine  is  65mm  with  a  stroke  of  44mm  and  a  compression 
ratio  of  6:1.  The  engine  has  a  cubic  capacity  of  146  cm3.  The  main  bearings  are  oil  lubricated  and  the  engine 
is  air  cooled. 


Figure  la,  Cylinder  Head  instrumented  with  thin  films. 


Figure  lb.  Piston  instrumented  with  thin  films 


The  manufacturers  supplied  magneto  ignition  system  was  used  to  provide  the  ignition  spark.  The  spark 
discharge  was  not  found  to  interfere  with  the  heat  transfer  measurements.  The  thin  film  gauges  were  applied 
to  both  the  piston  surface  and  the  cylinder  head  as  shown  in  figures  la  and  lb.  For  the  piston,  the  wires  were 
passed  through  a  hole  drilled  through  the  piston  crown  and  passed  along  the  skirt.  These  wires  hung  freely 
and  then  passed  through  the  sump  housing.  For  the  cylinder  head,  the  wires  were  passed  through  holes 
drilled  in  the  head.  The  engine  speed  and  crank  position  was  measured  using  a  once  per  rev  and  a  360  per  rev 
optical  shaft  encoder. 

The  engine  was  operated  up  to  a  speed  of  approximately  3500  rpm.  The  tests  were  carried  out  with  an  initial 
motored  period  and  then  a  fired  period.  During  the  motored  period  the  fuel  was  not  allowed  to  enter  the 
piston  chamber,  after  some  cycles  of  motoring,  fuel  was  initiated  and  the  fired  run  took  place.  The  ignition 
system  was  operational  for  both  the  motored  and  fired  period 

3.2  Instrumentation 

For  the  heat  transfer  measurement  thin  film  gauges  developed  for  transient  heat  transfer  measurements  on 
gas  turbine  blades  (Jones,  1993)  were  used.  Thin  film  sensors  have  been  used  on  turbine  blades  at  simulated 
temperatures  for  around  two  decades,  for  transient  heat  transfer  measurements.  A  further  development  of 
these  gauges  has  been  reported  more  recently  by  Piccini  et  al.  (2000).  The  gauges  are  instrumented  on  to  a 
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flexible  plastic  sheet  (polyimide)  50  pm  thickness.  Which  are  easily  bonded  on  to  Perspex  or  metal 
components. 

The  thin  film  gauges  are  used  to  evaluate  the  surface  temperature  change  by  supplying  a  constant  current  and 
monitoring  the  voltage  change  with  the  change  of  resistance  with  time.  A  gauge  calibration  of  temperature- 
resistance  gives  the  temperature  history.  The  frequency  response  of  the  heat  transfer  measurement  system  is 
100  kHz.  To  monitor  the  piston  and  cylinder  head  metal  temperature,  fast  response  K  type  thermocouples 
were  embedded  in  the  metal  surfaces  under  the  plastic  layer  below  the  thin  film  gauges,  see  Figure  2;  thus, 
the  temperature  history  on  both  the  top  and  bottom  surfaces  of  the  plastic  layer  may  be  found  and  the  heat 
transfer  history  calculated. 


Inlet  Port 
Region 


Thin  Film 
Gauges 


Spark  Plug 
Location 


Exhaust  Port 
Region 


Figure  2,  Schematic  of  instrumentation. 


Figure  3,  Photograph  of  test  rig  (with  sparkplug 
inset  showing  electrode  and  transducer). 


A  standard  Kistler  sparkplug  with  an  integral  pressure  transducer  was  fitted  to  the  engine,  Figure  3. 

3.3  Recording  system 

Signals  from  the  thin  film  gauges,  thermocouples,  pressure  transducer  and  shaft  encoder  were  recorded  on  a 
Data  Translation,  8  channel,  analogue  to  digital  converter  with  each  channel  sampled  at  100  kHz  and 
recorded  with  300,000  samples  per  channel.  In  addition,  a  50kHz  anti-alias  filter  was  employed. 

4  Data  processing  for  heat  transfer  rate 

The  recorded  voltage  from  the  thin  film  gauges  is  first  processed  to  temperature  using  the  temperature 
resistance  calibration.  For  the  evaluation  of  heat  transfer  rate  the  one-dimensional  unsteady  heat  conduction 
equation  has  been  applied.  A  single  layer  model  was  employed  to  calculate  the  heat  transfer  rate  from  the 
surface  temperature  histories  on  top  and  bottom  of  the  plastic  layer.  For  a  full  description  of  the  processing 
method  see  Oldfield  et  al.  (1978),  Oldfield  (2000). 

5  Results  and  Discussion 


The  measured  surface  temperature  history  from  a  thin  film  gauge  and  a  thermocouple  from  the  piston  crown 
are  show  in  figure  4.  The  data  have  been  taken  with  the  engine  motored  at  1500  rpm  initially  and  then  fired 
causing  it  to  reach  a  given  speed.  The  peak  surface  temperature  during  the  motored  run  is  about  10°C  above 
the  ambient  temperature  and  rises  to  just  over  120°C  above  ambient  once  the  engine  is  fired.  The  surface 
temperature  is  lower  for  the  initial  two  revs  as  the  engine  speed  increases,  and  then  settles  at  around  100°C 
above  ambient;  however,  some  fluctuations  from  cycle  to  cycle  are  still  noted.  The  reasons  for  the  initial  few 
cycles  having  a  lower  peak  temperature  are  due  to  the  engine  being  at  a  lower  speed.  Notably  the  minimum 
cycle  temperature  is  almost  constant  later  in  the  run  at  around  40°C.  The  thermocouple  mounted  in  the  piston 
below  the  thin  film  gauge  shows  a  slow  rise  of  a  few  degrees  as  the  piston  metal  temperature  rises.  Thin  film 
gauges  from  the  cylinder  head  showed  similar  data  for  surface  temperature. 
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Figure  4,  Measured  temperatures  from  the 
thin  film  gauge  and  thermocouple. 


Figure  5,  Heat  transfer  rate  from 
the  piston  surface  for  8  cycles. 


Figure  5  shows  the  heat  transfer  rate  evaluated  for  a  gauge  situated  at  the  centre  of  the  piston  surface  during 
the  fired  part  of  the  run,  at  3000  rpm,  for  8  cycles.  The  peak  heat  transfer  rate  reaches  a  level  of  2.5  MW/m2 
The  peak  heat  transfer  rate  during  the  motored  condition  was  measured  at  0.1  MW/m2.  Notably  the  peaks 
coincide  with  the  once  per  rev  signal  for  every  other  cycle  of  the  piston  as  one  would  expect  on  the  firing 
stroke.  However,  a  closer  look  at  the  data  (figure  6  &  7)  shows  that  the  peak  heat  transfer  rate  occurs  shortly 
after  the  TDC  position.  The  peak  heat  transfer  level  varies  significantly  from  cycle  to  cycle,  whereas  the 
minimum  level  is  about  the  same.  The  lower  level  of  heat  transfer  shows  negative  values,  this  is  because  the 
ambient  air  drawn  in  is  at  a  lower  temperature  than  the  piston  surface. 


Heal  transfer  rate  on  piston  surface 


Figure  6,  Heat  transfer  rate  for  the 
piston  surface  for  one  cycle. 


Figure  7,  Heat  transfer  rate  from  the  cylinder 
head  for  one  cycle  at  3000  rpm. 


Figure  6  shows  the  data  for  one  cycle  from  the  piston  surface  plotted  against  crank  angle.  This  shows  a  very 
sharp  rise  in  heat  transfer  shortly  after  the  TDC  position  and  then  a  sharp  fall  before  a  small  increase  and 
then  a  further  gradual  decrease.  After  about  200°  crank  angle  when  the  piston  has  reached  the  BDC,  a  further 
reduction  in  heat  transfer  rate  is  seen,  this  is  due  to  the  exhaust  valve  opening  as  the  piston  moves  towards 
the  TDC  position  again.  From  the  TDC  position,  once  the  piston  starts  to  move  down,  the  inlet  valve  opens 
drawing  in  ambient  temperature  air;  this  causes  a  further  reduction  in  temperature  as  the  piston  surface  is 
cooled.  Then  to  start  the  cycle  again  the  heat  transfer  rate  starts  to  rise  as  the  piston  compression  is  initiated. 

For  the  Cylinder  head  gauges,  the  heat  transfer  rate  traces  are  shown  superimposed  on  one  plot  in  figure  7 
with  scaled  cylinder  pressure.  Each  plot  is  also  given  individually  in  figures  8  to  11.  The  combustion 
chamber  pressure  was  measured  simultaneously  with  the  heat  transfer  data.  In  this  case  the  gauges  above  the 
piston  area  show  different  features  to  the  gauges  near  the  inlet  and  exhaust  valves.  The  small  differences  in 
time  on  the  sharp  rise  are  caused  by  the  different  spatial  positions  of  the  gauges  and  the  arrival  of  the  flame 
front.  The  inlet  and  exhaust  gauges  are  the  closest  to  the  spark  plug  which  causes  them  to  rise  first,  gauges  in 
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the  piston  region  are  the  furthest  and  hence  see  a  delayed  rise.  For  the  two  gauges  above  the  piston  area  a 
small  rise  in  heat  transfer  is  seen  as  the  piston  is  moving  towards  the  BDC  position  after  firing.  After  180° 
crank  angle  when  the  exhaust  valve  opens  and  the  piston  moves  towards  TDC  the  two  gauges  near  the  valves 
show  a  rise  in  heat  transfer,  with  the  exhaust  gauges  showing  the  largest  value.  A  further  reduction  in  heat 
transfer  level  is  noted  after  360°  crank  angle  which  is  due  to  the  inlet  valve  opening  to  allow  ambient  air  for 
the  next  compression  cycle.  Finally,  an  increase  is  seen  as  the  compression  process  starts  for  the  next  cycle. 
The  measured  combustion  chamber  pressure  shows  a  peak  at  the  same  point  in  time  as  the  peak  heat  transfer 
as  expected;  however,  the  width  of  the  pressure  peak  is  much  greater  than  that  of  the  heat  transfer  data. 
Measured  peak  combustion  chamber  pressure  (Figure  13)  during  the  motored  run  reached  8.5E5  Pa  and 
during  the  fired  part  of  the  run  around  2.2E6  Pa.  Very  little  cycle  to  cycle  variation  in  pressure  was  noted 
during  the  motored  part  of  the  run,  whereas,  the  fired  run  showed  significant  cyclic  variability. 


Figure  9,  Heat  transfer  rate  for  head  gauge  7. 


Figure  10,  Heat  transfer  rate 


Figure  11,  Heat  transfer  rate 


for  inlet  gauge  2. 


for  exhaust  gauge  2. 
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Crank  Angle  (deg) 


Crank  Angle  (deg) 


Figure  12,  Heat  transfer  rate  for  cylinder 


Figure  13,  Combustion  chamber  pressure 


head  gauges  at  2000  rpm. 


for  one  cycle  at  3000  rpm. 


Figure  12  shows  the  heat  transfer  rate  measured  on  the  cylinder  head  for  one  cycle  when  the  engine  was 
operated  at  2000  RPM.  Notably  the  pattern  of  heat  transfer  was  similar  to  that  at  3000  RPM  (Figure  7), 
however,  the  heat  transfer  levels  are  slightly  reduced. 

6  Conclusions 

Despite  the  difficulties  of  instrumenting  and  obtaining  heat  transfer  on  the  piston  of  a  spark  ignition  engine, 
experimental  data  has  been  successfully  obtained  on  both  the  piston  and  the  cylinder  head  for  a  number  of 
positions.  The  investigation  has  clearly  demonstrated  the  use  of  thin  film  gauges  for  taking  heat  transfer 
measurements  in  a  spark  ignition  engine  operated  at  realistic  conditions. 

The  peak  heat  transfer  levels  found  on  the  piston  and  cylinder  head  are  of  the  order  of  2.5  MW/m2  and  varied 
significantly  from  cycle  to  cycle.  The  cylinder  head  data  has  shown  many  structures  that  can  be  clearly 
identified  with  the  combustion  process  and  the  engine  cycle. 

Having  proved  the  application  of  thin  film  gauges  for  measuring  heat  transfer  in  spark  ignition  internal 
combustion  engines,  further  detailed  measurements  and  analysis  can  now  be  carried  out  for  combustion 
cycle  and  performance  investigations.  Furthermore,  this  technique  can  now  be  used  as  a  working  diagnostic 
tool  for  engine  development. 
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Paper  Number:  2 

Name  of  Discusser:  L.  De  Luca,  Politecnico  de  Milano 

Question: 

How  do  you  explain  some . tivaty  of  your  experimental  traces? 

Can  the  dynamic  response  of  the  sensor  be  a  contributor? 

Answer: 

The  high  frequency  structure  is  a  real  effect  from  the  combustion  process,  this  is  proven  by  the  fact  that  the 
structure  does  not  exist  during  the  motored  part  of  the  run. 

The  motored  and  fixed  part  of  run  are  the  same  except  for  the  addition  of  fuel. 


Name  of  Discusser:  T.  Arts,  Von  Karman  Institute  Rhode  Saint  Genese,  Belgium 

Question: 

Do  you  have  any  comment  on  the  “survivability”  range  of  the  heat  transfer  gauges? 

Answer: 

The  gauges  have  been  operated  for  over  20  runs  for  many  cycles  and  have  survived  without  any  problems. 
The  only  time  gauges  have  been  destroyed  is  if  fuel  is  allowed  to  enter  during  the  motored  period. 

This  causes  excess  fuel  to  collect  within  the  engine,  which  then  ignites  suddenly  causing  a  mini  explosion. 


Name  of  Discusser:  J.  Rabiega,  Pozman  University  of  Technology,  Poland 

Question: 

How  many  cycles  you  mean  to  be  representative? 

Answer: 

In  the  case  I  showed  this  is  not  an  ensembled  mean.  It  is  raw  data.  The  cycle  to  cycle  variation  is  real  and  not 
noise  on  the  signal. 

We  felt  that  by  doing  an  ensembled  average  would  not  show  the  cycle  to  cycle  variation. 


